It is no longer necessary to guess at why embryonic malformations occur. Techniques are now available to test almost any hypothesis concerning developmental phenomena. These include the entire armamentarium of modern cell biology: organ and tissue culture, microsurgery, time-lapse cinematography, autoradiography, and many other related methodologies. The developmental events which lead to the formation of a functional heart in the early embryo can be analyzed with these techniques. Of the pertinent questions concerning developmental processes related to congenital heart disease, those of dextrocardia and differential growth, ventricular septal defects, and cell migration and adhesion in cardiogenesis are discussed. Several experimental systems useful for attacking these questions are described. Relative growth of specific segments of the primitive tubular heart contributed by the right and left wings of the cardiogenic crescent has been examined to elucidate the mechanism of dextral looping of the tube. Migration of precardiac cells to form the heart has been traced with cinematography in the intact embryo, and by following movements of cells labeled in situ with tritium using autoradiographic techniques. To analyze the mechanisms of guidance of such cells, endoderm plus adherent precardiac mesoderm can be explanted and manipulated in tissue culture. Additional Indexing Words: Autoradiography Teratology "As we are about to discuss the motion, action and use of the heart and arteries, it is imperative on us first to state what has been thought of these things by others in their writings, and what has been held by the vulgar and by tradition, in order that what is true may be confirmed, and what is false set right by dissection, multiplied experience, and accurate observation."-HARVEY'
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The Lewis A. Conner Memorial Lecture presented at the meeting of the American Heart Association, New York, October 21 to 23, 1966. Circulation, Volume XXXV, May 1967 Congenital heart disease support their speculations concerning developmental events. It is the purpose of my comments here to go on record on the side of Harvey and Shaner, and to suggest that it is no longer necessary only to "guess at" why embryos develop abnormally, or how, or when the crucial misstep is taken in the formation of a congenital anomaly. I shall try to demonstrate that we now know enough about embryology and genetics to be able to approach such questions experimentally. We now have a sufficient armamentarium of techniques-those of experimental embryology, of cell and organ culture, of cytology and cytogenetics, in fact all of the methods of modern cell biologythat it is not necessary to leave untested hypotheses concerning developmental phenomena. With such experimental techniques, what is true concerning the development of the heart may be confirmed, and what is false set right.
DEHAA8N
The development of an organ-or an organism-represents the sum and synthesis of three component processes. These are growth, differentiation, and morphogenesis. By growth I mean increase in size resulting from mitotic activity, that is, increase in cell number, and resulting also, of course, from synthesis of structural proteins and of all the other multifarious molecules that fill up a cell. By differentiation I refer to the appearance of new characteristics in cells-new behavioral properties, new compounds, new cell structureswhich did not exist in the cell or in its progenitors at an earlier stage. Under morphogenesis I include the capacity of cells to move, to adhere to one another, to exhibit membrane activity, to change shape, and thus to aggregate into condensed cell masses or cohesive sheets which can be molded into functional organs and tissues.
Each of these processes in the embryo is normally held under careful control, and all three are maintained in delicate balance. If a localized burst of mitotic activity occurs a little too soon or a little too late, if a group of cells develops differential adhesivity to other cells of type A instead of type B, if a sheet of cells bulges in instead of out, the whole system may be thrown out of kilter, and an abnormally formed organ-a congenital defect-is the result.
Whether a cell divides at any given moment however, whether it develops an adhesiveness for a newly apposed surface, or whether it synthesizes proteins A or B depends in turn, obviously, upon its heredity and its environment. That is, a cell behaves as it does because of the information coded into its genome and because of influences exerted upon it from the surroundings in which it finds itself.
If we are to ask experimental questions about developmental events-either normal or those that have gone awry-we must always ask: To what extent is the developmental event controlled by genetic factors, and to what extent by influences upon the cells from their environment? And in addition, we must ask: Which of the three fundamental processes (mitosis, differentiation, or morpho-genesis) is the one being influenced primarily?
In these pages, I would like to discuss three examples of developmental processesmore or less related to congenital heart disease-to see if we can ask meaningful questions about them using the experimental techniques available to us.
Dextrocardia and Differential Growth
The one congential cardiac anomaly in mani that appears to result mainly from the action of a single autosomal recessive gene, is situs inversus.3 In this condition, the heart usually exhibits dextrocardia, in which case the organ assumes a position on the right side of the thorax, with its apex pointing to the right, rather than on the left side, pointing left. The right atrium (with identifying venae cavae) is on the left side, while the anatomic left atrium (with pulmonary veins) lies to the right.4 Dextrocardia can also occur in individuals with otherwise normal visceral situs.l Embryologically, dextrocardia usually represents a reversal in the direction of the primitive cardiac loop, the ventricle bulging out to the embryo's left, rather than its right, as is normal. In a carefully analyzed series of cases of congenital dextrocardia, Van Praagh and coxvorkers' found about half associated with situs solitus, one third with situs inversus, and the remainder of indeterminate situs. In 51% of the solitus cases and 81% of the individuals with situs inversus, such a reversal in the embryonic ventricular loop had occurred.
Why the heart loops into an S-shaped configuration is explained in most textbooks of embryology in terms of mechanical forces."
The primitive tubular heart, it is said, grows faster than the pericardial space in which it forms. Therefore it must bend. Why it bends to the right, normally, may be explained in two ways. According to the hemodynamic flow-molding theory,8-') it is the oblique direction of the blood flow entering the venous end of the primitive tubular organ which forces curvature to one side. Another interpretation is that of Davis1" who postulated that the primitive tubular heart bends to the Circulation, Volu.Zue XXXIV, MAa 1967 right because of differential growth rates of the different parts of the tube.
Here then we have two hypotheses-"guesses" based mainly on the study of fixed embryos-regarding a developmental process which underlies a congenital anomaly. How can the mechanism of curvature be examined experimentally, to test these alternatives? One obvious procedure is to remove the primitive tubular heart from the body and from the pericardial cavity before curvature begins, and let it develop in culture. Bacon12 was the first to do this, with amphibian hearts; Butler'3 has succeeded with the chick heart. Both investigators found that the straight cardiac tube formed itself into a C-or S-configuration in the same way that it would have done in situ, and at about the same time. Clearly, dextral looping in these circumstances could not have resulted from either external mechanical or hemodynamic forces. These results are much more suggestive of intrinsic, differential localized growth rates.
An excellent method for answering this question has recently been provided in the technique of autoradiography.'4 Before a cell can divide, it must duplicate its chromosomal complement; that is, it must synthesize a large quantity of DNA. It normally does this some hours before the cell actually divides. If, during this period of active synthesis of DNA, the cell is confronted with nucleic acid precursors which are labeled with radioactive isotopes, such as tritium in place of hydrogen, these labeled molecules are incorporated into the chromosomal strands. Such labeled nuclei can be identified subsequently by placing the cells in contact with a photosensitive emulsion, which produces clusters of silver grains wherever products of radioactive emission penetrate it. With this technique, the number of cells preparing for division in any part of an embryo, at any given time, can readily be determined. This number has been taken as an index of the localized growth rate.
Sissman'5 has recently reported a preliminary application of this technique to a study of differential growth rates in the embryonic heart. He incubated chick embryos at stages Circulation, Volum'e XXXV, May 1967 10 to 17 ( approximately 35 hours to 3 days of incubation) in the presence of tritium-labeled thymidine for 1 hour, before fixing the embryos in Formalin. He then sectioned the embryos histologically and coated the sections with photographic emulsion. After a period of exposure and treatment of the slides with photographic developer, Sissman was able to count the labeled cells in each cross section of the heart, and thereby determine how many cells were preparing for mitosis ( fig.  1 ). He found that three to four times as many cells were mitotically active along the greater (convex) curvature of the ventricular loop, as in the region of the lesser curvature, in an embryo of 15 somites. This finding suggests that the chick heart loops to the right because one side of the tube is growing much more rapidly than the other, during a specific critical period.
Remembering that the heart develops from bilaterally paired heart-forming regions, one Embryo NQ24 Stage 12-15 Somites Meon RI=&9Z Figure 1 Regional uptake of labeled thymidine in the epimyocardial layer of the chick embryo heart (stage 12-, 15 somites). On the left is the primitive heart tube, dorsal view. Opposite each lettered, broken, line is a semischematic drawing of the epimyocardial layer in cross section at that cephalocaudal level. The figure opposite each blacked in area shows the percentage of labeled cells in that area. Those figures enclosed in line boxes exceed the mean for the entire heart at thlis stage. (From Sissman.1 4) on each side of the embryonic axis,'6 the next question naturally arises: Do these two cardiogenic regions have different growth potentials? Is this why the different parts of the tubular heart which they form grow at different rates?
Some time ago I worked out a simple microsurgical method for preventing fusion of the two lateral cardiac primordia in the early chick,17 thus producing cardia bifida embryos. This technique has been employed recently by Van Praagh'8 in an attempt to answer the above question. When a cut is made in the middle of the endodermal fold that forms the anterior intestinal portal, migration of the mesoderm in the two lateral wings of the cardiogenic crescent is prevented. Each lateral wing then forms a tubular half-heart, which usually includes a conal region, a prospective right ventricle, and a prospective left ventricle. When such cardia bifida embryos were examined at stages 10 to 11 (10 to 13 somites), before dextral looping in the intact heart would have progressed very far, the two half-hearts were approximately equal in size. However, at stages 12 to 13 (15 to 19 somites) in most cases, the anatomic left ventricle which had formed from the left limb of the cardiogenic crescent was larger than that formed from the right limb, while the right ventricle from the right side was larger than its mate. While the number of embryos included in this study is not yet large enough for a significant statistical analysis, the data do suggest that during the 12 to 15 hours intervening between stage 10 and stage 13, the left ventricular tissue contributed by the left wing of the cardiogenic crescent grew substantially more rapidly than the equivalent tissue from the right wing of the crescent, while the situation was reversed in the tissue forming the more cephalad anatomic right ventricle. If the two half-hearts were instead fused to form a single tube, the predicted result of these differential growth regions would be to swing the ventral midline and the entire tubular heart around to the embryo's right.
If we knew precisely which portions of the tubular heart were formed from each region of the left or right limb of the cardiogenic mesoderm-that is, if we had a method for mapping the precardiac mesoderm in the early embryo in terms of its later developmental fate-we could test this prediction.
Mapping the prospective fate of early embryos to determine what each region will form is an old and time-honored technique among embryologists.1'9 201 The position and extent of the paired heart-forming regions in the presomite embryos were mapped a quarter of a century ago21 by the simple expedient of cutting the embryo systematically into many small fragments ( fig. 2 ) and transplanting each fragment to a "neutral" culture site (in this case, the highly vascularized chorioallantoic membrane of a host embryo). After some days of development in this location, the kinds of tissues histologically identifiable in each fragment provided evidence as to the developmental capacities of the cells in the original explant.
However, this technique has two major deficiencies. One is that the embryonic area which has the capacity to form a given type of tissue when explanted from the embryo's body is not necessarily identical to the area from which that tissue normally forms in the intact embryo in situ. In fact, 50 years of explant experiments concerned with the origins of a variety of organs and tissues have led to the conclusion that the area of cells competent to form a tissue is usually larger than the area which actually gives rise to that tissue in normal development. Secondly, although explants of precardiac mesoderm develop into masses of histologically recognizable cardiac tissue-which often beat spontaneously-it is not normally possible to distinguish which part of the heart is represented. Clearly, to map the cardiogenic mesoderm in terms of its localized growth potential requires a more precise technique, and a gentler one. We must be able to identify cells or cell masses early, in the heart-forming regions, and then be able to follow those same cells as they migrate and differentiate into the tubular midline heart. Within the past two decades, not one, but two techniques have been devised which permit us to perform this feat.
Chick embryos can be cultured in vitro during the time the heart is forming, under circumstances which provide good optical viewing conditions.22 23 It is not difficult to see the dense precardiac mesoderm silhouetted through the endoderm in such intact living preparations. However, it is not possible to trace the movements of individual cells or Embryonic fate of the precardiac mesoderm, by regions. CV = conoventricular tissue; V =ventricles; SA = atrial and sinoatrial tissues. Sinoatrial material at this stage is also represented by the bilateral areas of undifferentiated mesoderm at the posterior end of the heart. (From DeHaan. 15) cell masses as the heart forms in these conditions, merely because of the extended time which is required for the events to occur. Fortunately, one can condense the original time sequence into a period of minutes, merely by recording the developmental events on motion picture film with the techniques of time-lapse cinematography. If an embryo in culture is placed on the warm-stage of a microscope, and a photograph is taken of it every 20 seconds or so, as it develops, all the events which transpired over a period of 18 to 24 hours can be observed subsequently, when the film is shown at normal projection speed, in 3 to 4 minutes. Thus the locations and movements of individual structures and cell groups can be traced throughout the entire period of development.
From analyses of such films22 24 and from further explant experiments,25 26 it became apparent that each portion of the cardiogenic crescent contributes to a specific region of the tubular heart ( fig. 3 ). The cardiogenic mesoderm which lies in the cephalic and midline portion of the crescent forms the conoventricular parts of the heart, while the right and left ventricles develop from respectively more posterior mesoderm in each wing of the crescent. Cells at the caudalmost end of each wing of the heart-forming material differentiate into atrial and sinoatrial struc-
tures.
A second mapping technique which has recently been perfected19 takes advantage of our ability to label embryonic cells with radioactive tracer compounds and locate the labeled cells subsequently with autoradiography. If an embryo is incubated for 3 to 4 hours with tritiated thymidine, most of its cells become labeled with the tracer, as noted above. If the endoderm and attached mesoderm of such an embryo is then cut into rectangular fragments according to a systematic grid pattern, each fragment can be transplanted to the homologous site in a nonlabeled recipient embryo of the same age ( fig. 4 ).
These implants heal in rapidly and participate in the normal development of the host embryo, apparently forming the same tissues as the Circulation, Volume XXXV, May 1967 replaced host cells would have formed. After 20 to 30 hours of further incubation the embryo can be fixed, sectioned, and prepared for autoradiography. The labeled cells may then be identified in the heart or in any other organ in which they have come to be located.
With this technique, we have mapped precisely the position of the cardiogenic crescent in the head-process stage embryo ( fig. 4 ) and have determined the contribution of eacl part of that cresceint to the tubular lheart. 27 We have shown, for example, that the mesoderm located in fragment 5 of the grid contributes to a band of myocardium on the ventral aspect of the conus and right ventricular region of the tubular heart. The cardiogenie material in fragment 9, on the other hand, contributes to the dorsocautdal portion of the heart tube, which represents part of the prospective left ventricle ( fig. 5 ). Of special interest to our discussion here, moreover, is that the point of junctuire of material contributed by the left and right wings of the cardiogenic crescent can be determined, from the time the straight tubular heart forms, throughout the period of curvature. At an early stage (9 to 10 somites) this line establishes the ventral midline of the straight tube. By the stage of 15 to 16 somites, however, what was originally the ventral midline has been pushed arouind to the embryo's right to form a line coursing over the right dorsal left wing of the cardiogenic crescent overgrows its counterpart from the right wing. Although these findings leave little doubt that the fundamental mechanism underlying dextral looping of the chick heart is differential growth, we now have experiments in progress, employing similar autoradiographic techniques, to determine the actual mitotic rate of cells in each portion of the cardiogenic crescent and forming cardiac tube, to assess on a finer scale the architectural effects of differential growth, and to try to learn something about the mechanisms which regulate such localized bursts of cellular proliferation.
If normal dextral looping of the tubular chick heart results from the more rapid growth rate of the ventricular cells from the middle of the left wing of the cardiogenic crescent, as compared with those contributed by the right wing, then dextrocardia (leftlooping) ought to result from a reversal of these growth rates. Although this has not, in fact, been shown, with the aid of the techniques already described it is a readily testable hypothesis.
Another question, of perhaps greater importance to the pediatric cardiologist, has to do with the relevance of such studies on chick embryos to the events occurring during human development. Substantial evidence indicates that both the developmental processes and the underlying causal mechanisms involved in heart formation are similar in the chick and man. For example, the location and shape of the cardiogenic crescent, determined in the presomite chick embryo by autoradiographic techniques and microsurgery, bear a striking resemblance to the analogous region so painstakingly reconstructed from histological sections of the human presomite embryo by Davis." Also, the mechanism of formation of the paired heart rudiments and their fusion in the midline appear to be almost identical in the two species.2 Finally, the same shift in position of the ventral midline of the heart tube, illustrated above as evidence for differential growth in the chick, has been described during dextral looping of the human heart.28 It thus seems Circulation, Volume XXXV, May 1967 certain that information obtained from experiments on chick embryos is applicable, both in principle and in most details, in helping to explain the events occurring during development of the human heart.
Ventricular Septal Defects
The incidence of congenital heart disease in the United States, Britain, and Japan (where the most comprehensive studies have been done) is about 6 per 1,000 live births. Of these, the single most common defect, by far, is failure of closure of the interventricular foramen. In a recent review of the genetic mechanisms underlying such defects Camp-bell3 concluded that few cardiac malformations can be attributed to a single gene acting alone ( one probable exception being situs inversus, as noted earlier). He cited several lines of evidence indicating that ventricular septal defects may be caused by multifactorial genetic systems-that is, by misinformation coded into the genome at several sites. For example, if a child is born with this congenital anomaly, the probability that one of its siblings will also have a cardiac defect is three times as great as that in the general population; and the probability of concordance (that is, that both siblings will have the same defect) is still greater. Moreover, one of the best studied heritable defects in man, mongolism, which is known to result from a chromosomal aberration (trisomy of chromosomes 21), yields as part of its syndrome a high incidence of cardiac anomalies, including ventricular septal defects. Finally, strong evidence for a genetic basis of septal defects is provided by Siller29 who reported on an inbred strain of chickens in which up to 84% of the homozygous offspring exhibited this specific malformation.
However, septal defects, like dextrocardia are of importance to the experimentalist, because this anomaly is also known to be related to at least one environmental agent, maternal rubella. Women infected with German measles virus during the first 4 weeks of pregnancy (according to Campbell3) have a 40 to 60% risk of aborting or producing a malformed To seek an understanding of wvhich primary process of development goes awry in the formation of a ventricular septal defect, we must first recall how the interventricular forameni is formed and closes normally. [30] [31] [32] [33] D)uring the third week of gestationi, the human heart is equivalent in many respects to that in the 16 -somite chick pictured in figure 5 . The primary endocardial tube is enclosed by a sleeve or layer of cardiac jelly whichi fills the myoendocardial space along its enitire length..O At about 24 days of development, two sharply defined areas of endothelial outgrowth appear along the side of the tuibe (horizon XI, fig. 6 ) which soon interdigitate with correspondinig slender trabeculae from the overlying myocardium. Thus iII these two areas, instead of having a thick covering of gelatinous reticulum, the primary heart tube opens outward in the form of two trabeculated pouches. These endothelial diverticula are the primordia of the right and left ventricles, which arise in tandem.9 As the pouches become larger and deeper (horizons XIII, XV, and XVI, fig. 6 ), they acquire a common party wall of residual, nontrabeculated tissue, which is the interventricular septum. The interventricular (I-V) foramen is now represented by the part of the lumen of the primary heart tube over the crest of the forming muscular septum. Meanwhile, however, this small lumen (never more than 0.5 mm in diameter at any stage31) has been encroached upon by inward growth of two loosely reticulated masses of fibroblastic tissue from the dorsal and ventral walls of the atrioventicular (A-V) canal, the ventral and dorsal A-V cushions. The free surfaces of these cushions soon neet and fuse. As a result, a thick sagittal partition, the septum intermedium, is formed and the A-V canal is divided into mitral and tricuspid orifices. By this stage, the interventricular foramen is reduced to the gap above the free upper margin of the septum and below the septtum intermedium.
Final obliteration of the I-V canal involves only its more rightward part. For most of its length, the canal is merely remolded to form part of the infundibulum of the left ventricle.31 Continued localized proliferation causes ingrowth of the mesenchymatous cushion tissue from the bulbar ridges, the lower border of the septum intermedium, and a layer of similar connective tissue which has migrated along the crest of the muscular interventricular septum. When these surfaces meet, the apposed endothelial surface cells adhere to each other initially, and subsequently disappear. There is thus established in the cardiac partition separating the two ventricular cavities. a region initially constituted by loose mesenchyme but which later becomes compact fibrous tissue. This is the so-called membranaceous septum.
In sum, then, closure of the interventricular foramen results from localized proliferation of mesenchymatous tissue, and fusion, that is, adhesion and subsequent disappearance of the endocardial endothelium of the apposed surfaces. This is followed, presumably, by migration of fibrous and myocardial cells into the mesenchymatous framework. Any failure of mitosis in this cushion tissue, or of adhesion of the apposed surfaces, would disrupt proper closure of the foramen and might well be responsible for a ventricular septal defect. On the other hand, uncontrolled resorption or excessive localized cell death34 could establish a hole in the septum where one did not exist before.
Unfortunately, these postulated mechanisms at present are mere hypotheses. To my knowledge, there is not a single laboratory in this country or elsewhere where experiments are being performed to test whether the fundamental process responsible for closure of the interventricular foramen is mitosis, cell migration, adhesion, or death of the cells involved; nor is anyone investigating how a particular genotype or a virus might disturb these processes to yield such a defect.
However, there is no reason why the techniques we applied to the study of dextrocardia could not be used equally well to determine whether differential growth is the critical process in closure of the foramen. Injection of radioactively labeled compounds into embryos at appropriate stages, combined with autoradiography, could show when and where bursts of mitotic activity occurred. Control mechanisms for such regulation might be sought in diffusible substances in the tissue itself (many such growth "regulators" have been reported35) or in model systems composed of cells proliferating in tissue culture.
A remarkable feature of the behavior of endocardial cushion tissue is that once the cushions invade and divide the A-V anod I-V canals, further proliferation of the tissue apparently ceases. Grant31 has suggested that cell multiplication in these cushions is regulated Circula:ion, Volume XXXV, May 1967 at the endocardial surface, such that when the two surfaces fuse, further growth stops. A possible model for this type of behavior has been reported recently by Todaro and associates.36 These workers have studied a line of mouse fibroblast cells (not cardiac) which exhibit in tissue culture an especially high sensitivity to "contact inhibition of mitosis." Cells of type 3T3, plated into a dish at low density, divide rapidly until the cells form a confluent layer-that is, until each cell is in contact on all sides with neighbors-at which point division stop. Todaro and his colleagues have done the appropriate controls to demonstrate that this mitotic arrest does not result from the depletion of some factor in the medium.37 It is in fact due to contact of cells with one another. Moreover, they have reported that if cells of this type are infected with live virus (SV 40 or polyoma), the cells lose their response to this growth-regulating mechanism. Infected 3T3 cells continue to proliferate after they have established a confluent monolayer to form dense mounds many cell-layers thick.
Similar cultures were also made from human skin biopsies obtained from healthy individuals, and from those with Fanconi's anemia, a hereditary disease associated with various congenital defects and a high incidence of neoplastic disease.38 In both cases, as with 3T3 cells, proliferation was suppressed when the cells had formed confluent monolayers, and in both cases, infection of the cells with SV 40 or other oncogenic viruses yielded dense mounds of transformed cells. However, the cells from patients with Fanconi's anemia were 10 to 20 times more susceptible to such infection; that is, they were 10 to 20 times more susceptible to losing this growth-regulating mechanism than those from nonanemic persons. This is of special relevance to our present discusssion of congenital heart disease.
Given the postulate that specific cardiac defects may result from disturbances in growth regulation, an intriguing parallel may be drawn between the behavior of cells in the embryonic heart and the situation just described for this cell culture model system. In both cases, disturbances in mitotic control appear to be associated with viral infection and with a hereditary disease. I note this parallel, not because I think there is anv relation between mongolism and Fanconi's anemia, or much similarity between rubella and SV 40, but because I see no reason why the techniques of analysis employed in the study of 3T3 or skin fibroblast cells would not also be applicable to the problem of mitotic regulation in embryonic heart cells in tissue culture. This is a subject of obvious importance about which we know absolutely nothing.
Cell Migration and Adhesion in Cardiogenesis
Disturbances of developmental processes other than mitotic control that might underlie the formation of ventricular septal defects and other cardiac anomalies are those that involve intercellular adhesive relationships and the mechanisms regulating the migratory activities of cardiac cells. Although these are phenomena which remain completely unstudied as related to problems of septation or later cardiac development, their role in early cardio- genesis has been examined. And again, although much of the information gained from these investigations may not relate directly to problems of congenital heart disease, many of the techniques of analysis employed may prove applicable.
I cited earlier, for example, studies in which the movements of the precardiac mesoderm into the forming heart were traced in embryos cultured in vitro, with the aid of time-lapse cinematography.24 From analyses of these films, we found that the sheet of cardiogenic cells migrated cephalad in the region of the crescent before differentiating into the heart rudiments.
We have since confirmed these movements with autoradiographic mapping techniques,27 and have devised a method which permits the splanchnic precardiac mesoderm to migrate on its substratum of endoderm in vitro.m9
If a rectangle of endoderm overlying one wing of the cardiogenic crescent is peeled away from the embryo, the adherent splanchnic mesoderm comes off with the explant, leaving behind the intact ectoderm plus some or all of the somatic mesoderm. The endodermmesoderm fragment may then be spread flat on a semisolid nutrient agar medium and cultured for 24 to 48 hours. In these circumstances, the precardiac mesoderm first migrates to the anteriormost edge of the explant and then differentiates into a vesicle of spontaneously beating heart tissue ( fig. 7 ).
If such endoderm-mesoderm explants are transferred to a plastic substratum, on which the endoderm cells adhere firmly and spread. the integrity and organization of the original endoderm fragment are disrupted. In this case, the mesoderm rounds up in the middle of the plaque of endoderm and differentiates into heart tissue without first migrating anteriorward. These results suggest that the stimulus for migration of the mesoderm and the directional information which orients it are somehow built into the intact endoderm layer.
The idea that cells can obtain orienting cues from the substratum upon which they migrate has a long history in the embryological literature.25' 4") Weiss41 introduced the term Circulation. Volumte XXXV1 Malv 1967 "Ccontact guidance" and provided much evidence that a variety of cell types are sensitive to structural organization within apposed environmental surfaces. More recently, Abercrombie and Heaysman42 noted that cells, isolated on an indifferent, artificial substratum (glass) wander at random until they establish adhesive relationships with other cells. In fact, they coined the term "contact inhibition," referring not to the inhibition of mitosis, but of cell migration. It is this mechanism which tends to inhibit cultured cells from using each other as substrata. And it is release from contact inhibition of the cells at the cut surfaces of a tissue explant in culture which causes it to become surrounded by a zone of outgrowing cells moving rapidly and radially away from the fragment.43 Moreover, Stein-berg44 especially has emphasized that cells can adhere to their neighbors, or to other contact surfaces, with different strengths, and that they can trade off adhesions-leaving a weak adhesive contact in favor of a stronger one. In any given circumstance, cells tend to maximize their adhesive relations with environmental surfaces.
To explain directed cell migrations, cells must not only be able to adhere and respond differentially to different contact surfaces, they must also be able to "sense" the adhesive properties of surfaces spatially separated from each other. A wide variety of migratory cells have been observed to extend filopodial processes from their plasma membranes, which contact nearby surfaces.39 These filopodia are continually produced and withdrawn, waving about in random fashion through the surrounding milieu. They are most often 10 to 30,u in length, occasionally 50,u or even longer. Usually these processes do not establish firm attachments to the substratum. When one does, however, it is often soon enlarged as the rest of the cell flows into it. From these considerations we have postulated a mechanism whereby migratory cells could gain the impetus and proper orientation for directed movements from their substratum, a concept we have termed "filopodial contact direction."39 All that is required is that the Circulation, Volume XXXV, May 1967 cells comprising the substratum layer be organized along a gradient of differential adhesivity. A cell exhibiting exploratory filopodial behavior on such as organized substratum will tend to establish firm filopodial attachments most frequently with the contact surface of greatest adhesivity within its reach.
Since cells tend to move in the direction of their pseudopodial extensions, on such a substratum net cell movement would always be toward the high end of the adhesive gradient. This hypothesis is expecially attractive because it leads immediately to an experimental test. It predicts, for example, that the strength of adhesion of the precardiac mesoderm to its underlying endoderm in the presomite chick embryo should be weaker at the caudal end of the cardiogenic crescent than more cephalically. It also suggests that a splanchnic mesoderm cell should readily give up its attachment to a caudal endoderm cell in favor of adhesion to a cell from a more cephalic region of the endoderm. Although neither of these predictions has yet been tested, they are both experimentally feasible. Moreover, results from studies of another cell culture model system indicate that such a mechanism is entirely reasonable. Mammalian fibroblasts form weak attachments to a surface of cellulose acetate but can adhere much more strongly if that surface is covered with a layer of metallic palladium.45 By depositing palladium on a layer of cellulose acetate in such a way that a gradient of depth of the metal was formed, Carter45 was able to show that cells migrated in a rapid and apparently "directed" course up the gradient. After 48 hours all the cells had taken positions in the region of thickest metallic deposit, that is, the area of greatest adhesive strength. This result lends credibility, at least, to the idea that cardiogenic mesoderm in the presomite embryo, or cushion cells migrating along the crest of the interventricular septum, might be guided through a mechanism such as filopodial contact direction. However, until specific critical experiments have been performed, these ideas remain completely speculative.
Conclusion
It has not been my intention, in these remarks, to "explain" why congenital heart disease occurs. We are far from having the necessary information to do so for any single defect. What I have tried to indicate is that despite our vast areas of ignorance, we now have adequate techniques to begin asking important questions about the mechanisms of organogenesis and the disturbances which might underlie defective development. I have tried to direct your attention to some of the kinds of questions which might be pertinent. And I have described briefly a few of the techniques which may be useful.
Unfortunately, no one can guarantee that it will be immediately obvious how to prevent cardiac anomalies, as soon as we know more about the behavior, chemistry, and physiology of embryonic heart cells. However, I am confident that only when we develop insights into the basic cellular mechanisms underlying growth and morphogenesis, will we understand and perhaps ultimately be able to control, the developmental processes which lead to the formation-or malformation-of the heart.
